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ABSTRACT 


The  concept  of  surface  modification  has  been  applied  for  corrosion  protection  of 
commercial  aluminum  alloys  such  as  A1 2024,  A1  6013,  A1  6061  and  A1 7075.  The  goal  of  this 
project  was  to  develop  methods  of  corrosion  protection  which  do  not  use  toxic  chemicals.  The 
Ce-Mo  process  consisting  of  immersion  in  hot  solutions  of  CeCl3  and  Ce(NC>3)3  followed  by 
anodic  polarization  in  a  molybdate  solution  has  produced  surfaces  with  exceptional  resistance  to 
localized  corrosion  for  A1 6013  and  6061.  Surface  modified  samples  did  not  pit  during  exposure 
to  0.5  M  NaCl  for  30  days.  For  A1  2024  and  A1  7075  it  was  found  that  a  copper  removal 
pretreatment  step  was  necessary  for  complete  corrosion  protection.  For  A1  2024  replacement  of 
CeCh  by  Ce  acetate  produced  optimum  results.  Surface  analysis  showed  that  both  Ce  and  Mo  are 
incorporated  in  the  modified  surface  layers.  For  A1  7075  it  was  found  that  increased 
concentrations  of  Ce  and  Mo  occur  at  sites  where  Cu  containing  particles  are  located.  It  is  assumed 
that  the  exceptional  corrosion  resistance  is  in  part  due  to  elimination  of  local  cathodes  during  the 
Ce-Mo  process.  Anodic  polarization  curves  for  A1  2024  and  A1  7075  showed  that  the  pitting 
potential  Epit  was  increased  after  surface  modification,  while  the  corrosion  potential  Econ-  remained 
constant  Apparently  the  amount  of  adsorbed  Cl"  at  a  given  potential  is  reduced  in  the  presence  of 
negatively  charged  Mo  species  in  the  modified  surface  layers. 


I.  INTRODUCTION 

Localized  corrosion  in  the  form  of  pitting  is  one  of  the  most  common  failures  of  A1  alloys. 
In  engineering  applications,  protective  surface  treatments  such  as  chromate  conversion  coatings, 
polymer  coatings  or  anodizing  have  to  be  applied  to  obtain  the  desired  service  life. 

In  its  pure  state,  when  exposed  to  oxidizing  environments,  such  as  oxygen,  water  and  the 
atmosphere,  aluminum  is  protected  by  an  air-formed  oxide  film  which  provides  fair  corrosion 
resistance.  In  most  requirements,  aluminum  needs  to  be  alloyed  with  constituents  such  as  copper, 
magnesium,  silicon,  manganese,  nickel,  and  zinc  to  enhance  its  mechanical  strength.  Among  these 
constituents,  copper  is  the  principal  alloying  element  giving  the  highest  possible  strength-to-weight 
ratios  [1,2].  However,  in  terms  of  corrosion  resistance,  alloying  markedly  increases  the 
susceptibility  to  localized  corrosion.  The  corrosion  resistance  of  A1  alloys  depends  largely  on  their 
composition,  highly  alloyed/higher  strength  A1  alloys  being  less  corrosion  resistant  than 
commercially  pure  aluminum  (99.5-99.79%),  and  therefore  having  increased  need  for  protective 
surface  treatments  [3,4], 

A1  alloys  can  be  protected  against  corrosion  by  a  various  methods  of  surface  modification 
such  as  anodizing,  chromate  conversion  coatings  and  organic  finishing  [5-8].  Chromate 
conversion  coatings  are  used  primarily  by  the  aluminum  finishing  industry  for  domestic 
appliances,  aircraft  parts,  and  electronic  equipment  to  enhance  the  adhesion  of  paint  or  other 
organic  finishes  or  to  improve  corrosion  resistance  for  A1  alloys  serving  in  corrosive  atmospheres 
such  as  marine  environments  [9-12]. 

Chromate  conversion  coatings  are  being  used  extensively  to  protect  A1  alloys  as 
construction  and  airframe  materials.  Chromium  is  among  the  EPA's  top  toxic  substances.  In  its 
hexavalent  form  (Cr6+)  it  is  a  known  carcinogen,  and  its  compounds  are  environmentally 
hazardous  as  waste  products  [13-15].  Current  environmental  legislation  is  moving  towards  to  total 
exclusion  of  Cr6+  and  tightening  regulatory  pressure  to  reduce  the  hazardous  wastes  of  chromium 
compounds.  Therefore,  many  attempts  are  made  at  present  to  increase  the  corrosion  resistance  of 
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A1  alloys  using  non-toxic  alternatives  of  Cr6*  [16-20]. 

In  the  search  for  chromate  alternatives,  attention  first  centered  on  meed  oxyahion 0TS,iv 
chromate,  such  as  molybdates,  tungstates,  vanadates  and  permanganates,  me  most  w  y 
investigated  of  this  group  have  been  molybdates,  mainly  because  of  their  non-toxic  nature 
ri 6  17  21  241  Mo  as  alloying  element  and  as  inhibitor  provides  corrosion  protection  for  metals 
ich  as Carbon  steefc  H6  17]  As  inhibitors,  molybdate  is  widely  used  to  protect  ferrous  and 
nonferrotBmetahfinf diveree  corrosive  environments,  is  effecUve  m  mhabmng  pmrng  and 
crevice  corrosion,  both  as  and  alloying  element  and  when  added  as  MoO  4  [16-18  25-27]  the 
mosthnportant  oxidation  state  of  molybdenum  is  MoO^  which  can  form  a  variety  o  compound 
with  oxides  of  other  metals  [28].  As  an  alternative  for  Ci«*,  molybdate  coalings  for  A1  alloys  ha 
become  interesting  recently  in  corrosion  engineering  [18,2y]. 

Molybdate  coatings  produced  either  by  anodic  polarization  or  by  simple  ™mersion  in 
molybdmeiontaining  solutions  provide  some  corrosion  Pf“ctX“™d  cSon  by  shiS  tte 

implantation  has  practical  limitations  due  to  its  difficulty  of  application  to  large  samples. 

In  the  proceedings  of  a  recent  workshop  on  chromate  replacements  in  light  metal  finishing 

results  from  efforts  to  develop  Ci^-free  conversion  coatings  for  A1  alloys  using  simple  low-cost, 
t  ir  rhemicals  were  summarized.  It  is  apparent  that  so  far  no  simple  process  is  availab 
which  can  completely  replace  chromate  conversion  coatings  at  equal  corrosion  resistance  o  e 
coated  alloy  and  equal  ease  of  application  [33]. 

Ffforts  made  in  this  investigation  [34]  have  been  devoted  to  provide  corrosion  protection 

surf^e^odMca^onwere  develope^leachi^to^'staMes^Af^to^^^^^op^^^^^^ce  to 

localized  corrosion.  The  details  of  the  particu  ar  surface  Srfacl 

immersion  in  boiling  CeCl3.  A  further  modification  of  th >  Ce-Mo '  g 

pffective  for  A1  2024  consisted  of  immersion  m  hot  (CH3C02)3Ce,  anoaic  po 
Na?Mo04  and  immersion  in  hot  Ce(N03)3.  Evduation  of  conMion  res^tancemrti  EIS 
demonstrated  that  for  surface  modified  A1  alloys  exposed  to  0.5 

XSu" 

Cu  were  located. 


2.  EXPERIMENTAL  APPROACH 
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process.  The  corrosion  kinetics  and  the  susceptibility  to  pitting  were  evaluated  by  polarization 
techniques.  Surface  analysis  was  performed  by  SEM,  AES  and  EDS.  Elemental  mapping  was 
used  to  identify  the  distribution  of  chemical  components,  especially  Ce  and  Mo,  in  modified 
surface  oxide  layers. 

2. 1  Materials 

The  commercial  A1  alloys  A1  6061-T6,  A1  6013,  A1  7075-T6,  A1  2024-T3,  and  pure  A1 
were  studied.  For  the  three  commercial  alloys  A1 2024-T3,  A1 6061-T6  and  A1 7075-T6,  the  minor 
alloying  elements  are  given  in  Table  I. 

2.2  Surface  Preparation 

Samples  were  usually  cut  into  a  size  7x7  cm^  from  0.16  cm  thick  A1  alloy  sheets.  The 
surfaces  were  carefully  selected  before  each  experiment  to  avoid  surface  defects  due  to  mechanical 
damage  or  corrosion  during  prior  exposure  to  the  atmosphere.  Surface  conditions  including  as- 
received,  deoxidized  and  polished  were  used  in  this  investigations.  As-received  samples  were 
degreased  only  with  degreasing  detergent,  polished  surfaces  were  prepared  by  silicon  carbide 
paper  finishing  with  1200  grit,  and  deoxidized  surfaces  were  prepared  by  immersion  in  Diversey 
560  solution  (Diversified  Chemical  Sales,  Inc.,  USA)  at  room  temperature  for  10  minutes  followed 
by  rinsing  with  distilled  water.  The  major  chemicals  contained  in  Diversey  560  are  listed  in 
Table  II. 

2.3  Solution  Preparation 

For  high-Cu  A1  alloys,  Cu  removal  pretreatment  was  applied  before  surface  modification 
by  one  of  the  Ce-Mo  processes.  The  solution  for  Cu  removal  from  A1  2024  by  the  chemical 
method  was  prepared  with  22.8  g/1  Deoxidizer  7,  100  ml/1  H3PO4  and  distilled  water.  For  Cu 
removal  from  A1  2024  by  the  electrochemical  method,  0.5  M  NaNC>3  with  addition  of  100  ml/1 
HNO3  was  used,  while  for  A1 7075  a  0.5  M  NaNC>3  solution  was  used  and  the  pH  was  adjusted  to 
1  with  HC1. 

The  corrosion  test  solution  of  0.5  M  NaCl  and  the  treatment  solutions  4  mM 
(CH3C02)3Ce,  5  mM  CeCl3,  10  mM  Ce(NC>3)3  and  0.1  M  Na2MoC>4,  were  prepared  with 
distilled  water  from  chemicals  of  AR  grade.  The  pH  values  of  these  solutions  (as  prepared)  are 
listed  in  Table  HI. 

2.4  Cu  Removal  Processes 

Two  Cu  removal  processes,  categorized  as  the  chemical  process  and  the  electrochemical 
process,  have  been  developed  previously  at  CEEL.  The  electrochemical  Cu  removal  process 
consists  of  deoxidizing  in  Diversey  560  for  10  minutes  at  room  temperature,  followed  by  anodic 
polarization  in  a  Cu  removal  solution  (Table  IV).  In  the  polarizing  step,  different  operation 
parameters  were  used  for  A1 2024  and  A1 7075.  A1 2024  was  polarized  at  -55  mV  (vs.  SCE)  in  0.5 
M  NaNC>3  +  0.67  M  HNO3,  while  for  A1  7075  a  potential  of  -248  mV  was  applied  m  0.5  M 
NaNC>3  (pH  =  1  adjusted  by  HC1). 
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Table  I.  Minor  alloying  elements  for  A1  alloys  (wt  %) 


Element 

Al  2024-T3 

Al  6061-T6 

Al  7075-1 

Cu 

3.8  -  4.9 

0.15-0.40 

1.2 -2.0 

Si 

<0.50 

0.4  -  0.8 

<0.40 

Fe 

<0.50 

<0.70 

<0.50 

Mn 

0.3  -  0.9 

<0.15 

<0.30 

Mg 

1.2-  1.8 

0.8  -  1.2 

2.1  -2.9 

Zn 

<0.25 

<0.25 

5.1  -6.1 

Cr 

<0.10 

0.04  -  0.35 

0.18  -  0.28 

Ti 

<0.15 

<0.15 

<0.20 

Table  II. 

Chemical  composition  of  Diversey  560 

Chemical  Content  (w/o  %1 

hno3 

<15 

h2so4 

<25 

H2SiF7 

<2 
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Table  in.  pH  values  of  test  and  treatment  solutions 


Solution 

ILH 

0.5  M  NaCl 

6.5  -  6.8 

4  mM  (CH3C02)3Ce 

6.8  -  6.9 

5  mM  CeCl3 

5.7  -  5.9 

10  mM  Ce(NC>3)3 

4.5  -  4.8 

0. 1  M  Na2Mo04 

9.8  -  io: 

Table  IV.  Electrochemical  process  for  Cu  removal 


Step 


M  2Q24-T3 


A1  7075-T6 


1.  Cleaning  and 
degreasing 


Immersion  in  Alcoonox  for  Immersion  in  Alconox  for 
1  min.  1  min 


2.  Deoxidizing  Diversey  560  for  10  min 

Rinse 


Diversey  560  for  10  min 
Rinse 


3 .  Copper  removal  Polarization  in  0.5  M  NaNO} 

+  0.67  M  HN03  at  -55  mV 
(vs.  SCE)  for  30  min. 

Rinse 


Polarization  in  0.5  M  NaN03, 
pH  =  1  adjusted  with  HC1 
at  -248  mV  (vs.  SCE) 
for  30  min. 

Rinse 
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2.5  Surface  Modification  Procedures 

Surface  modification  of  A1  alloys  using  combined  chemical  and  electrochemical  processes 
includes  three  Ce-Mo  processes.  The  original  Ce-Mo  process  ("the  Ce-Mo  process")  consists  of 
baking  at  100°C  for  2  days  after  deoxidizing  the  surface,  immersion  in  10  mM  Ce(N03)3  and  5 
mM  CeCl3,  respectively,  at  100°C  for  2  hours,  followed  by  polarization  in  0.1  M  Na2MoC>4  at 
+500  mV  vs  SCE  for  2  hours.  The  process  parameters  are  listed  in  Table  V.  This  original  Ce-Mo 
process  was  used  to  modify  the  surface  oxide  layers  on  pure  A1  and  A1 6061. 

For  A1 7075  and  A1  2024  the  surface  modification  process  ("the  modified  Ce-Mo  process 
#1")  consists  of  immersion  in  boiling  10  mM  Ce(NC>3)3  at  100°C  for  2  hours,  anodic  polarization 
in  0.1  M  Na2Mo04  at  +100  mV  vs  mercury  sulfate  reference  electrode  for  2  hours  and  immersion 
in  5  mM  CeCl3  at  100°C  for  2  hours.  Between  each  step,  the  surface  was  rinsed  with  distilled 
water  (Table  VI). 

For  surface  modification  of  A1 2024,  the  modified  Ce-Mo  process  #1  was  further  altered  by 
reversing  step  1  and  step  3  in  Table  VI,  and  replacing  CeCl3  with  (CH3C02)3Ce.  The  process 
steps  for  the  modified  Ce-Mo  process  #2  are  described  in  Table  VII.  Anodic  polarization  curves 
for  A1  2024,  A1  6061  and  A1  7075  in  0.1  M  Na2MoC>4  (open  to  air)  are  presented  in  Fig.  1.  The 
applied  potential  of  +500  mV  vs.  SCE  during  Mo  treatment  was  selected  to  be  in  the  passive 
region  (Fig.  1). 

2.6  Corrosion  Tests 

Corrosion  behavior  of  A1  alloys  without  and  with  surface  modification  was  evaluated  in  0.5 
M  NaCl  (open  to  air)  at  room  temperature.  Electrochemical  techniques  such  as  EIS,  polarization 
curves  and  electrochemical  noise  analysis  were  used  to  determine  the  kinetics  and  mechanisms 
resulting  in  improved  pitting  resistance.  Surface  analysis  was  performed  to  obtain  detailed 
information  concerning  the  surface  chemistry  and  chemical  concentration  profiles  of  modified 
surface  layers. 

2.6.1  Corrosion  Monitoring  with  EIS 

EIS  was  used  to  monitor  the  corrosion  process  during  exposure  to  0.5  M  NaCl.  The  EIS 
data  were  collected  with  a  Schlumberger  Model  1250  Frequency  Response  Analyzer  (FRA)  and  a 
Schlumberger  Model  1286  potentiostat  controlled  by  a  personal  computer  using  the  Z-plot  software 
package  (Scribner  and  Associates,  Charlottesville,  VA).  Applied  frequencies  covered  a  range  of 
65  kHz  to  1  mHz,  a  potential  perturbation  signal  of  10  mV  amplitude  (peak  to  peak)  was  used. 
The  measurements  of  EIS  data  were  carried  out  at  Ecorr-  Before  starting  a  measurement,  a  delay 
time,  usually  20  minutes,  was  applied  to  allow  the  system  to  stabilize. 

The  experimental  EIS  data  were  analyzed  using  BASICS  and  PITFIT  software  which  was 
developed  in  this  laboratory  [35,36].  EIS  spectra  were  usually  either  of  capacitive  or  pitting  type. 
Capacitive  EIS  spectra  were  analyzed  using  the  BASICS  software  based  on  the  one-time  constant 
model  of  the  EC  shown  in  Fig.  2.  For  pitting  corrosion,  a  transmission  line  impedance  was 
usually  obtained  at  low  frequencies  and  the  EIS  data  were  in  good  agreement  with  the  pitting  model 
described  in  Fig.  3.  In  this  case,  the  EIS  data  were  analyzed  using  the  PITFIT  software  [35,36], 
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Table  V.  The  Ce-Mo  process 
Treatment 


1.  Oxidizing 

2.  Surface  modification 
by  Ce(N03)3 

3.  Surface  modification 
by  CeCl3 

4.  Surface  modification 
by  Na2Mo04 


Table  VI. 

Step 

1.  Surface  modification 
by  Ce(N03)3 

2.  Surface  modification 
by  Na2Mo04 


3 .  Surface  modification 
by  CeCl3 


Table  VII. 

Step 

1 .  Surface  modification 
by  (CH3C02)3Ce 

2.  Surface  modification 
by  Na2Mo04 


3.  Surface  modification 
by  Ce(N03)3 


Baking  at  100°C  for  2  days 

Immersion  in  10  mM  Ce(N03)3  at  100°C  for  2  hours, 
then  rinsing  in  distilled  water 

Immersion  in  5  mM  CeCl3  at  100°C  for  2  hours, 
then  rinsing  in  distilled  water 

Polarizing  in  0. 1  M  Na2Mo04  at  +500  mV  (vs.  SCE) 
for  2  hours,  then  rinsing  in  distilled  water 


The  modified  Ce-Mo  process  #1 
Treatment 

Immersion  in  10  mM  Ce(NC>3)3  at  100°C  for  2  hours, 
then  rinsing  in  distilled  water 

Polarizing  in  0. 1  M  Na2MoC>4  at  +100  mV 

(vs.  mercury  sulfate  reference  electrode)  for  2  hours, 

then  rinsing  in  distilled  water 

Immersion  in  5  mM  CeCl3  at  100°C  for  2  hours, 
then  rinsing  in  distilled  water 


The  modified  Ce-Mo  process  #2 
Treatment 

Immersion  in  4  mM  (CH3C02)3Ce  at  100°C  for  2  hours, 
then  rinsing  in  distilled  water 

Polarizing  in  0. 1  M  Na2MoC>4  at  +100  mV 

(vs.  mercury  sulfate  reference  electrode)  for  2  hours, 

then  rinsing  in  distilled  water 

Immersion  in  10  mM  Ce(N03)3  at  100°C  for  2  hours, 
then  rinsing  in  distilled  water 
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2.6.2  Polarization  Curves 


Polarization  curves  for  both  as-received  and  modified  A1  alloys  were  measured  in  0.5  M 
NaCl  (open  to  air)  by  the  potentiodynamic  polarization  technique.  The  measuring  system  consisted 
of  a  Princeton  Applied  Research  (PAR)  potentiostat  Model  173  with  a  Model  376  interface 
operated  by  an  IBM  compatible  computer  using  PAR  342C  software. 

Recording  of  polarization  curves  was  started  after  immersion  in  the  test  solution  for  at  least 
40  minutes  when  Ecoir  had  become  stable.  The  anodic  polarization  curve  was  measured  from  Econ- 
-20  mV  to  Ecoir  +300  mV.  The  cathodic  polarization  curve  was  measured  from  Ecorr  +  10  mV  to 
Ecorr  ■  400  mV.  The  scan  rate  was  at  0.2  mV/s.  The  exposed  area  of  the  working  electrode  was  5 
cm2.  From  the  anodic  or  cathodic  polarization  curves,  Epit,  passive  current  density  ip  and  cathodic 
limit  current  density  id  were  determined. 


2.6.3  Electrochemical  Noise  Measurements 


Potential  noise  and  current  noise  were  recorded  simultaneously  using  a  control  program 
developed  by  Mansfeld  and  Xiao  [37-39].  For  each  measurement  lasting  1024  seconds,  a 
sampling  rate  of  2  points/second  was  used.  Two  identical  samples  with  an  exposed  area  of  5  cm 
were  placed  vertically  and  parallel  to  each  other  in  a  test  cell  [37].  For  data  collection,  0  mV 
potential  difference  between  the  two  samples  was  applied  using  a  Schlumberger  model  1286 
potentiostat,  a  SCE  was  used  as  reference  electrode. 


The  experimental  noise  data  were  processed  using  statistical  analysis  and  simple  spectral 
analysis  as  discussed  in  more  detail  by  Mansfeld  and  Xiao  [37-39].  The  noise  resistance  Rn  was 
determined  as: 


Rn  =  cr{  V  (t)  }/<r  { I(t) } 

where  a{V(t)}  is  the  standard  deviation  of  potential  fluctuations  and  cr{I(t)}  is  the  standard 
deviation  of  current  fluctuations.  The  spectral  noise  response  Rsn  (f)  was  calculated  at  each 
frequency  f  as: 

R(f)  =  V(f)/I(f)  [2'2] 

Rsn(f)  =  IR(f)l  [2'3] 

where  V(f)  and  1(f)  are  complex  numbers  obtained  from  Fast  Fourier  Transformation  (FFT).  The 
spectral  noise  resistance  R°Sn  was  calculated  as  the  dc  limit  of  Rsn  (f): 

Rosn  =  lim{Rsn(f)}  [2'4] 

f— >0 


2.1  Surface  Analysis 

Scanning  Electron  Microscopy  (SEM),  Energy  Dispersive  Spectroscopy  (EDS)  and 
elemental  mapping  were  used  for  selected  samples  to  obtain  information  concerning  surface 
morphology,  chemical  composition  and  distribution  of  elemental  components  in  the  modified 
surfaces.  The  samples  used  for  surface  analysis  included  exposed  and  unexposed  surfaces. 
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3. 


EXPERIMENTAL  RESULTS 


The  corrosion  behavior  of  A1  and  A1  alloys  exposed  to  0.5  M  NaCl  was  intensively 
investigated  with  electrochemical  techniques  such  as  EIS,  polarization  curve  and  electrochemical 
noise  analysis.  EIS  measurements  were  employed  to  monitor  the  changes  of  surface  properties 
during  exposure,  polarization  curves  were  measured  to  determine  the  susceptibility  of  A1  alloys  to 
pitting  in  chloride  containing  environments  and  to  reveal  the  mechanisms  leading  to  improved 
resistance  to  localized  corrosion  for  modified  surfaces.  Surface  analyses  using  SEM,  EDS,  AES 
and  elemental  mapping  were  performed  to  obtain  the  information  concerning  surface  morphology, 
chemical  composition  and  element  distribution  for  modified  surfaces  and  determine  the  role  of  Ce 
and  Mo  in  providing  resistance  to  localized  corrosion. 

3.1  Localized  Corrosion  of  Untreated  A1  Alloys 

Localized  corrosion  in  the  form  of  pitting  occurring  on  A1  alloys  exposed  to  0.5  M  NaCl  (open 
to  air)  was  intensively  investigated  to  obtain  a  base  line  for  evaluation  of  the  corrosion  behavior  ol 
modified  surfaces.  Pit  initiation  was  determined  both  with  EIS  and  by  visual  inspection,  while 
continuous  monitoring  with  EIS  was  performed  to  obtain  insight  into  the  pit  propagation  process. 
Quantitative  analysis  of  EIS  data  was  based  on  the  pitting  model  [35,40-42]  and  led  to  derivation 
of  pit  growth  laws  for  A1  alloys  exposed  to  NaCl. 

3.1.1  Impedance  Behavior 

For  A1  alloys  exposed  to  NaCl,  localized  corrosion  in  the  form  of  pitting  can  be  detected  by 
EIS.  Typical  impedance  behavior  is  shown  in  Fig.  4  for  deoxidized  A1  2024  during  exposure  to 
NaCl  for  7  days.  The  occurrence  of  pitting  corrosion  detected  by  impedance  spectra  was 
characterized  by  a  transmission  line  impedance  at  low  frequencies  for  f  <  1  Hz,  which  is  an 
impedance  with  a  constant  slope  between  -0.5  and  -1.  A  second  time  constant  in  the  phase  angle 
plot  is  apparent  in  the  corresponding  frequency  range,  which  is  sensitive  indicator  of  pitting 
corrosion  [40-42].  With  increasing  exposure  time,  pronounced  decrease  of  impedance  at 
intermediate  frequencies  and  large  increase  of  phase  angle  at  lower  frequencies  were  indicative  ot 
pit  propagation  process.  Very  similar  spectra  were  obtained  for  as-received  A1 6061  and  A1 7075 
exposed  to  the  same  environment  (Fig.  5  and  6). 

Pit  initiation  was  observed  for  as-received  A1  6061  in  less  than  one  day  and  for  A1  7075 
and  in  less  than  2  hours  for  A1 2024  which  was  very  susceptible  to  pitting.  The  pit  growth  rates 
on  these  three  commercial  A1  alloys  at  ECorr  were  determined  from  the  specific  polarization 
resistance  of  the  pitted  surface  R0pit  based  on  the  EIS  data  collected  as  a  function  of  time  (Fig.  7). 
The  relationship  between  pit  growth  rate  expressed  as  1/R°pit  and  time  t  can  be  described  by  the 
form: 


log  (1/R°pit)  =  log  a  +  b  log  t, 

where  a  and  b  are  experimental  parameters,  a  is  found  to  depend  on  both  alloy  composition  and 
surface  condition,  and  b  depends  on  the  mechanism  of  pit  propagation.  Table  V Ill  gives 
experimental  values  of  log  a  and  b  obtained  by  fitting  the  data  in  Fig.  7  to  Eq.  3-1.  Since  tor  all 
three  alloys  b  is  nearly  close  to  -1  (Table  VUI),  it  can  be  assumed  that  the  pit  growth  law  follows 
the  general  equation 


dr/dt  =  a'  ti1 


[3-2] 
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Table  VIII.  Values  of  log  a  and  b  for  pitting  process  of  A1  alloys 


Allovs 

log  a 

h 

A1 2024/deoxidized 

-2.24 

-0.82 

A1 6061/as-received 

-1.77 

-1.34 

A1 7075/as-received 

-1.85 

-1.38 
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Fig.  4.  Impedance  spectra  for  A1 2024/deoxidized  as  a  function  of  exposure 
time  to  0.5  M  NaCl 


which  suggests  that  for  hemispherical  pits  the  pit  radius  r  increases  logarithmically  with  time  as: 

r  =  a'  log  (tp/to)  f3'3! 

In  Eq.  [3-3]  tp  >  to  with  to  being  the  time  at  which  pits  were  first  observed.  The  parameter  a'  can 
be  defined  as  the  pit  growth  rate  at  t  =  1 . 


3.1.2  Polarization  Curves 

Anodic  polarization  curves  for  deoxidized  A1  2024-T3,  as-received  A1  6061-T6  and  A1 
7075-T6  were  measured  in  0.5  M  NaCl  (open  to  air).  The  results  are  shown  m  Fig.  8.  For  these 
three  A1  alloys,  when  polarized  anodically,  pits  were  generated  immediately  and  the  current 
increased  sharply  with  anodic  polarization.  At  higher  anodic  potentials  polarization  cuiwes 
displayed  ohmic  controlled  behavior  and  no  passive  region  existed.  Epit  and  Econ-  were  found  to 
be  identical  for  these  untreated  alloys.  The  experimental  values  of  Epit  ahd  Ecorr  determined  trom 
the  polarization  curve  are  summarized  in  Table  DC. 

3.2  Surface  Modification  of  Low-Cu  A1  Alloys 

For  A1 6061,  A1 6013  and  pure  A1  surface  modification  consisted  of  immersion  in  boiling 
10  mM  Ce(NC>3)3  for  2  hours,  in  boiling  5  mM  CeCl3  for  2  hours  at  100°C,  and  anodic 
polarization  in  0.1  M  Na2Mo04  at  +500  mV  vs.  SCE  for  2  hours  at  room  temperature  (Table  V). 
Before  surface  modification,  samples  were  deoxidized  in  Diversey  560  at  room  temperature  tor  10 
minutes,  and  then  baked  in  an  oven  at  100°C  for  at  least  24  hours  to  grow  a  new,  reproducible 
aluminum  oxide  film.  In  earlier  experiments,  the  Na2MoC>4  solution  was  deaerated  tor  2  hours 
prior  to  the  polarization  and  a  SCE  was  used  as  the  reference  electrode  during  the  treatment  in 
0.1MNa2MoC>4. 


3.2.1  Impedance  Behavior  of  Surface  Modified  Al  6061 


In  Fig.  9,  impedance  spectra  are  shown  for  surface  modified  Al  6061  as  a  function  of 
exposure  time  to  0.5  M  NaCl.  A  comparison  of  the  EIS  data  obtained  after  1  day  for  untreated  and 
modified  samples  is  plotted  in  Fig.  10.  For  modified  Al  6061,  impedance  spectra  were  capacitive 
and  remained  unchanged  for  a  period  of  30  days.  These  features  indicate  that  uniform  corrosion 
was  very  low  and  localized  corrosion  did  not  occur.  As  shown  before,  EIS  is  very  sensitive  to  the 
occurrence  of  localized  corrosion  on  Al  alloys.  For  untreated  Al  6061,  pit  initiation  was  detected 
by  occurrence  of  a  transmission  line  impedance  and  a  second  time  constant  in  the  phase  angle  plot 
in  the  lower  frequency  region  after  only  1  day  of  exposure  to  0.5  M  NaCl  (Fig.  4  -  6).  l  is 
comparison  illustrates  the  remarkable  improvements  in  the  corrosion  resistance  achieved  by  the 

Ce-Mo  process. 


More  detailed  information  concerning  corrosion  behavior  for  the  modified  surface  can  be 
obtained  from  plots  of  R°p  and  C°p  as  a  function  of  time.  As  shown  in  Fig.  11,  R°p  remained 
close  to  107  ohm.cm2  during  the  entire  test  period  corresponding  to  very  low  corrosion  rates.  C  p 
was  about  3.4  LtF/cm2.  The  constant  values  of  R°p  and  C°p  reflect  the  excellent  stability  of  the 
modified  surface  in  an  aggressive  solution.  These  results  are  in  agreement  with  visual  observation 
which  showed  an  uncorroded  surface  for  modified  sample  after  exposure  to  0.5  M  NaCl  o 
days. 
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Table  IX.  Ecorr  and  Epit  for  A1  alloys  exposed  to  0.5  M  NaCl 


Alloys 

A1 2024/deoxidized 
A1 6061/as-received 
A1 7075/as-received 


Ecorr  (mV  vs.  SCE) 
-588 
-725 
-710 


Epit  (mV  vs.  SCE) 
-588 
-725 
-710 
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Fig.  8.  Polarization  curves  for  A1  alloys  in  0.5  M  NaCl 
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Fig.  10.  Comparison  of  EIS  data  for  untreated  and  modified  A1  6061 
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Fig.  1 1.  R°p  and  C°p  for  A1 6061/Ce-Mo  process  as  a  function  of  exposure  time 
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3.2.2  Polarization  Behavior 

Polarization  curves  were  measured  to  determine  the  mechanism  by  which  the  surface 
modification  increases  corrosion  resistance.  In  Fig.  12,  curve  1  shows  anodic  polarization 
behavior  for  untreated  A1  6061  in  0.5  M  NaCl,  for  which  ECorr  and  Epit  (-708  mV  vs.  SCE) 
coincide.  Dramatic  changes  of  the  polarization  curve  were  observed  for  the  modified  sample.  Ecorr 

had  shifted  to  -485  mV  and  Epit  was  about  -325  mV,  while  ip  was  less  than  0.003  (iA/cm2  (curve 

2).  This  value  of  ip  is  much  lower  than  ip  =  1  pA/cm2  for  SS  304  in  0.5  M  NaCl,  and  orders  of 
magnitude  lower  than  that  in  deaerated  1000  ppm  NaCl  for  pure  A1  sputter-deposited  onto  Si 
single-crystal  and  passivated  by  anodic  polarization  in  Na2MoC>4  solution  [29]. 

The  unique  properties  of  modified  surfaces  can  be  illustrated  by  the  anodic  polarization 
curve  after  immersion  in  NaCl  for  one  month.  As  shown  in  Fig.  13,  Ecorr  was  about  -690  mV  and 
Epit  had  shifted  to  -534  mV.  However,  the  difference  between  ECOrr  and  Epit  had  not  changed  (see 
Fig.  12  and  13).  Starting  at  Econ,  a  very  small  ip  in  the  nA/cm2  range  was  recorded,  which  was 
below  the  detection  limit  of  the  potentiostat.  When  Epit  reached,  the  current  increased  and  a 
polarization  curve  with  an  active-passive  transition  followed  by  a  constant  current  region  was 

obtained,  where  the  current  density  was  3  (iA/cm2.  After  the  polarization  test,  the  sample  surface 
was  examined  by  SEM.  Only  a  few  pits  with  small  dimensions  had  developed,  while  the 
remainder  of  the  surface  was  completely  unattacked.  Apparently,  the  polarization  curve  in  Fig.  13 
represents  that  of  these  single  pits. 

Recording  of  cathodic  polarization  curves  in  0.5  M  NaCl  showed  that  the  rate  of  the 
oxygen  reduction  reaction  was  reduced  on  the  modified  surfaces  (Fig.  14).  The  current  density  at 

-850  (mV  vs  SCE)  was  0.08  pA/cm2  for  the  modified  surface,  while  at  the  same  potential  the 

current  density  for  the  untreated  sample  was  1.5  pA/cm2.  Apparently,  the  modified  surface  does 
not  allow  either  oxidation  or  reduction  processes  to  occur  at  appreciable  rates  and  showed  behavior 
typical  of  an  insulator. 

3.2.3  Role  of  Process  Parameters 

The  Ce-Mo  process  has  produced  very  corrosion  resistant  surfaces  on  A1  alloys.  In  order 
to  evaluate  the  effects  of  boiling  and  anodic  polarization  and  to  understand  the  roles  of  Ce  and  Mo 
in  the  Ce-Mo  process  (Table  V),  three  samples  of  A1 6061  with  different  surface  treatments  were 
prepared.  Sample  A  was  prepared  using  the  Ce-Mo  process,  sample  B  was  polarized  in  borate 
buffer  solution  instead  of  polarization  in  Na2MoC>4  after  treating  in  Ce  solutions,  while  sample  C 
was  treated  in  boiling  distilled  water,  followed  by  anodic  polarization  in  Na2Mo04- 

The  corrosion  behavior  for  these  three  samples  was  evaluated  in  0.5  M  NaCl  by  collecting 
EIS  data  continuously  for  at  least  15  days.  Comparison  of  EIS  data  is  shown  in  Fig.  15  for  one 
day  and  Fig  16  for  15  days.  The  spectra  for  sample  A  remained  totally  capacitive  (curve  A),  while 
for  the  other  two  samples,  EIS  data  for  one  day  showed  a  deviation  behavior  from  capacitive 
spectra  and  became  typical  of  localized  corrosion  with  increasing  exposure  time,  which  was 
indicated  by  transmission  line  impedance  and  a  second  time  constant  in  the  low  frequency  region 
(Fig.  16).  Pit  initiation  was  visually  observed  after  5  days  for  sample  B  and  after  2  days  tor 
sample  C. 

Analyses  of  the  EIS  data  provides  electrochemical  parameters  which  can  be  used  to  evaluate 
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Fig.  12.  Anodic  polarization  curves  for  A1 6061  (as-received  vs  modified)  in 
0.5  M  NaCl;  1)  as-received,  2)  modified  in  the  Ce-Mo  process 
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13.  Anodic  polarization  curves  for  A1 6061  (as-received  vs  modified)  in  0.5  M  NaCl 
-received,  after  2  hours,  2)  modified  by  the  Ce-Mo  process,  after  30  days 
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Fig.  14.  Cathodic  polarization  curves  for  as-received  vs  modified  A1  6061  in  0.5  M  NaCl; 
1)  as-received,  2)  modified  in  the  Ce-Mo  process 
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Fig.  16.  Comparison  of  impedance  spectra  for  A1 6061  with  different  treatments 
exposed  to  0.5  M  NaCl  for  15  days 


the  corrosion  behavior  of  these  three  different  surfaces.  Sample  A  had  the  smallest  capacitance  C°p 
and  the  highest  R°p  as  shown  in  Fig.  17  and  18.  Pit  growth  rates  estimated  from  R°pit  were 
slightly  lower  for  sample  B  than  for  sample  C  (Fig.  19).  These  results  suggest  that  neither  boiling 
in  hot  water  or  polarization  in  borate  buffer  solution  produces  corrosion  resistant  surface  on  A1 
alloys.  Apparently  the  excellent  corrosion  resistance  of  the  modified  surface  layers  is  due  to 
synergistic  effects  between  Ce  and  Mo.  Boiling  in  hot  water  seems  to  increase  the  thickness  of  the 
surface  oxide  layer  corresponding  to  lower  value  of  CP  Polarization  in  borate  buffer  solution 
increases  pitting  resistance  marginally  as  indicated  by  increased  pitting  time. 

3.2.4  Surface  Analysis 

The  result  of  EDS  analysis  indicated  the  presence  of  both  Ce  and  Mo  in  the  modified 
surface  layers  (Fig.  20).  Peaks  were  detected  for  Ce  at  5.02  keV  and  for  Mo  at  2.30  keV.  For  a 
modified  sample  which  had  been  exposed  to  NaCl  for  30  days,  chemical  composition  profiles 
obtained  by  AES  showed  Ce  to  be  present  in  fairly  large  amounts  in  the  modified  surface  layers, 
while  the  concentration  of  Mo  was  apparently  low  (Fig.  21).  It  is  possible  that  Mo  did  not 
precipitate  uniformly  over  the  surface,  with  most  of  the  incorporated  Mo  being  located  at  sites 
where  anodic  dissolution  occurred  as  will  be  discussed  below. 

3.2.5  Surface  Modified  Pure  Aluminum 

For  pure  A1  (99.99%),  very  corrosion  resistant  surfaces  were  produced  by  the  Ce-Mo 
process.  EIS  data  for  a  modified  sample  exposed  to  NaCl  are  shown  in  Fig.  22.  The  impedance 
spectra  did  not  show  any  changes  for  28  days,  the  transmission  line  type  of  impedance  which 
occurred  to  untreated  pure  aluminum  at  the  lower  frequencies  (Fig.  1-3)  was  not  detected.  For 
the  spectra  in  Fig.  22  a  capacitive  feature  was  dominant,  although  the  impedance  spectra  displayed 
a  deviation  from  those  for  passive  surface  at  low  frequencies.  This  deviation  is  considered  to  be 
due  to  surface  roughness  since  such  behavior  was  not  measured  for  a  polished  surface  exposed  to 
the  same  solution  after  2  days  (Fig.  23).  Fig.  24  shows  the  time  dependence  of  R°p  and  C°p  for 
the  modified  surface,  which  were  obtained  by  fitting  the  EIS  data  in  Fig.  22  to  the  EC  shown  in 
Fig.  2.  R°p  was  approximately  constant  at  about  10^  ohm.  cm2,  while  C°p  increased  slightly  from 

11  |iF/cm2  to  13  (iF/cm2  during  exposure. 

The  effect  of  mechanical  damage  to  surface  modified  pure  A1  was  evaluated  by  making  a 
deep  scratch  on  the  surface.  Fig.  25  shows  impedance  spectra  as  a  function  of  time  for  the 
scratched  sample  exposed  to  0.5  M  NaCl.  Unchanged  impedance  spectra  dunng  prolonged 
exposure  could  be  an  indication  of  the  passive  nature  of  the  modified  surface  because  decreased 
impedance  and  increased  phase  angle  typical  of  the  pitting  process  were  not  detected.  Observation 
of  the  sample  surface  by  SEM  at  the  end  of  the  tests  did  not  show  evidence  of  general  or  localized 
corrosion  in  the  scratched  area  (Fig.  26).  Since  localized  corrosion  did  not  occur,  it  has  to  be 
assumed  that  the  occurrence  of  the  transmission  line  impedance  at  f  <  1  Hz  (Fig.  25)  is  caused  by 
the  deep  scratch  and  reflects  geometric  effects  rather  than  localized  corrosion  phenomena. 

3.2.6  Surface  Modified  Al  6013 

Surface  modification  of  Al  6013  in  the  Ce-Mo  process  was  also  performed  to  increase  its 
pitting  resistance.  In  Fig.  27,  EIS  data  for  the  modified  surface  are  compared  with  the  impedance 
spectra  for  untreated  Al  6013.  Significant  differences  between  these  spectra  were  observed.  For 
the  untreated  sample,  the  occurrence  of  pitting  corrosion  indicated  by  a  transmission  line 
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Fig.  17.  R°p  and  C°p  for  A1 6061/Ce-Mo  process  as  function  of  exposure  time 
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Fig.  18.  R°p  and  Ct  for  A1 6061  with  different  treatments  as  function  of  exposure  time 


Fig.  19.  R°pit  for  A1 6061  with  different  treatments  as  function  of  exposure  time 
to  6.5  M  NaCl 


25 


-30- 


0.0 


5.0 

ENERGY  IN  KeV 


10.0 


Fig.  20.  Results  of  EDS  analysis  for  A1 6061  modified  in  the  Ce-Mo  process 


Fig.  21.  AES  concentration  profile  for  A1 6061  modified  in  the  Ce-Mo  process 
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Fig.  23.  Impedance  spectra  for  pure  Al/polished  as  a  function  of  exposure  time 
to  6.5  M  NaCl  for  2  days 
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Fig.  24.  R°p  and  C°p  for  pure  Al/Ce-Mo  process  as  function  of  exposure  time 
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Fig.  25.  Impedance  spectra  for  pure  Al/Ce-Mo  process  with  a  scratch  as  a  function 
of  exposure  time  to  0.5  M  NaCl 


Fig.  26.  Scratched  surface  after  25  days  of  exposure  to  0.5  M  NaCl 
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impedance  occurred  in  a  very  short  time.  The  decrease  of  impedance  at  intermediate  frequencies 
and  the  shift  of  the  phase  angle  to  lower  frequencies  due  to  pit  propagation  were  pronounced.  For 
the  modified  sample,  unchanged  impedance  spectra  with  time  were  measured  for  two  weeks.  A 
slight  increase  of  transmission  line  impedance  was  observed  after  36  days. 

Pit  initiation  was  detected  after  5  days  and  pits  grew  very  slowly  on  the  modified  surface. 
At  the  end  of  test,  five  small  pits  were  detected.  In  Fig.  28  pit  propagation  represented  by  the 
increase  of  F  as  a  function  of  exposure  time  is  shown  for  untreated  and  modified  surfaces.  Pits  on 
the  untreated  sample  grew  at  a  fast  rate,  after  15  days  about  1.2%  of  the  exposed  area  was  pitted. 
However,  pit  growth  for  the  modified  sample  was  much  lower,  the  estimated  value  of  F  was  about 
0.07%  after  36  days  exposure. 

Salt  spray  tests  according  to  ASTM  B  117  were  carried  out  with  both  untreated  and 
modified  samples  at  Alcoa.  After  the  15  days  test,  severe  pitting  corrosion  was  detected  for 
untreated  A1  6013,  while  samples  modified  by  the  Ce-Mo  process  did  not  show  significant 
corrosion. 

3.3  Surface  Modified  A1 7075  in  the  As-Received  Condition 

Surface  modification  by  the  Ce-Mo  process  for  pure  A1  and  A1  6061  produced  surfaces 
which  are  very  resistant  to  localized  corrosion.  When  this  process  was  applied  to  high-Cu  A1 
alloys  such  as  A1 2024  and  A1 7075,  less  satisfactory  results  were  obtained.  Therefore,  for  surface 
modification  of  high-Cu  A1  alloys,  the  Ce-Mo  process  was  modified  by  altering  the  original 
treatment  procedures.  In  the  modified  Ce-Mo  process  #1  described  in  Table  VI,  A1 7075  was  used 
in  the  as-received  condition,  deaeration  with  N2  before  and  during  polarization  in  Na2MoC>4  was 
eliminated,  and  the  reference  electrode  of  SCE  was  replaced  by  mercury  sulfate  electrode  due  to 

avoid  Cl'  leaking  into  the  solution  during  anodic  polarization. 

For  A1 7075  modified  in  this  manner  impedance  spectra  indicated  that  the  modified  surface 
remained  passive  during  the  test  period  of  30  days  in  NaCl  (Fig.  29).  R°p  was  nearly  constant  at 

about  5  x  105  ohm.cm2  and  C°p  increased  slightly  from  7.5  to  9.5  [iF/cm2  which  is  typical  for  a 
thin  film  of  hydrated  aluminum  oxide  (Fig.  30)  [25].  Visually,  a  few  slightly  yellow-colored  spots 
of  local  dissolution  were  observed  after  4  days  which  grew  very  slowly. 

Examination  by  SEM  after  exposure  to  NaCl  for  30  days  showed  that  the  morphology  of 
the  observed  spots  was  quite  different  from  pitting  corrosion  phenomena  usually  occumng  on  A1 

alloys  (Fig.  31).  A  circular  area,  typically  about  60  [tm  in  diameter,  with  cracks  in  the  oxide  layer 
was  observed  (Fig.  31  a).  Some  areas  of  very  small  dimensions  with  localized  attack  can  be  seen 
at  the  periphery  of  these  circular  features.  Fig.  31b  shows  more  detailed  information  from  the 
center  of  the  spot  in  Fig.  31  a.  Cracks  radiating  from  the  center  ended  at  a  short  distance.  The 
chemical  composition  was  determined  by  EDS  for  the  surface  in  Fig.  30  and  for  a  portion  of  the 
sample  which  had  not  been  exposed.  The  results  are  given  in  Fig.  32  a  for  the  unexposed  surface 
and  in  Fig.  32  b  for  the  surface  area  shown  in  Fig.  31.  In  both  cases,  Ce  and  Mo  were  detected  in 
the  surface  layer,  however,  increased  levels  of  Ce  and  Mo  were  determined  in  the  surface  area 
where  the  cracked  spots  were  detected. 

Elemental  mapping  was  employed  to  obtain  concentration  profiles  of  Ce  and  Mo  in  the 
modified  surface  layers.  Results  for  the  area  shown  in  Fig.  31  are  presented  in  Fig.  33.  It  is 
interesting  that  the  chemical  composition  of  the  surface  layer  is  different  in  an  inner  circle  and  an 
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Fig.  28.  Time  dependence  of  area  fraction  F  for  A1 6013  (as-received  vs.  surface  modified) 


Fig.  29.  Impedance  spectra  for  A1 7075/as-received/Ce-Mo  process  #1  as  a 
function  of  exposure  time  to  0.5  M  NaCl 


Fig.  30.  R°p  and  C°p  for  A1 7075/as-received/Ce-Mo  process  #1  as 
function  of  exposure  time 
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Fig.  31.  Surface  morphology  for  A1 7075/as-received/Ce-Mo  process  #1 
after  exposure  to  0.5  M  NaCl  for  30  days 
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Fig.  33.  Elemental  mapping  for  A1 7075/as-received/Ce-Mo  process  #1  (sample  in  Fig.  31) 
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outer  ring.  Ce  is  concentrated  in  the  inner  circle  and  Mo  resides  in  the  center  where  Cu 
intermetallic  compounds  are  located.  Very  little  A1  was  detected  in  the  inner  circle.  These  results 
can  be  explained  by  assuming  that  during  surface  modification  by  the  Ce-Mo  process,  Cu 
containing  intermetallic  compounds  served  as  cathodes  creating  an  alkaline  environment  in  their 
vicinity,  thereby  accelerating  local  dissolution  of  A1  and  leading  to  formation  of  Ce  oxide  and/or  Ce 
hydroxide  around  these  compounds  [44,45].  A  similar  pattern  of  Ce  precipitates  on  A1  2024 
immersed  in  CeCl3  has  also  been  observed  [46].  Incorporation  of  Mo  into  the  surface  film  is 

considered  to  be  the  result  of  interaction  between  molybdate  and  aluminum  oxide  during  anodic 
polarization  in  Na2Mo04  [22,47,48].  The  observed  cracks  occurred  during  exposure  to  NaCl 
because  they  were  not  observed  after  treatment  in  the  Ce-Mo  process. 

In  order  to  further  evaluate  the  mechanism  of  surface  modification  and  the  resulting 
resistance  to  localized  corrosion,  anodic  polarization  curves  were  obtained  in  0.5  M  NaCl  for  A1 
7075/as-received  and  A1 7075/as-received  modified  by  the  modified  Ce-Mo  process  #1  (Table  VI). 
The  polarization  curve  for  modified  A1 7075  showed  a  passive  region  of  approximately  200  mV. 

The  passive  current  density  ranged  from  0.1  -  0.5  (iA/cm2  (Fig.  34).  During  continued  anodic 
polarization,  sudden  jumps  of  the  current  were  observed  accompanied  by  formation  of  single  pits. 
The  polarization  curve  is  very  different  from  that  for  A1 7075/as-received,  for  which  Epjt  and  Ecorr 
coincided  (Fig.  34)  and  for  which  the  current  dramatically  increased  during  increased  anodic 
polarization  as  pits  nucleated  and  grew.  Obviously,  the  increased  pitting  resistance  for  the 
modified  surface  was  due  to  the  increase  of  Epjt  at  constant  ECoit-  This  effect  might  be  due  to 
changes  in  surface  chemistry  of  the  modified  surface  layers,  on  which  cathodes,  which  would  lead 
to  pit  initiation  for  the  untreated  surface,  have  been  passivated  during  the  surface  modification 
process  by  the  formation  of  Ce  oxide/hydroxides  and  incorporation  of  Mo  species. 

3  4  Surface,  Modification  of  A1 7075  and  A1 2024  with  Cu  Removal  Pretreatment 

Complete  elimination  of  localized  corrosion  for  A1 7075  was  achieved  by  applying  a  Cu 
removal  pretreatment  step  before  the  modified  Ce-Mo  process  #1  (Table  VI).  Significant 
improvement  was  also  obtained  for  A1 2024.  The  electrochemical  Cu  removal  process  (Table  IV) 
was  utilized  to  obtain  surface  layers  with  reduced  Cu  content.  The  surface  morphology  of  A1 7075 
after  electrochemical  Cu  removal  shows  some  cavities  from  which  Cu  containing  compounds  had 
been  removed,  the  remaining  surface  was  undamaged  (Fig.  35).  Following  the  Cu  removal  step, 
the  modified  Ce-Mo  process  #1  (Table  VI)  was  applied  to  A1 7075  (A1  7075/Cu  removal/Ce-Mo 
process)  and  A1 2024  (A1 2024/Cu  removal/Ce-Mo  process). 

3.4.1  Al  7075/Cu  removal/Ce-Mo  process 

For  Al  7075,  very  corrosion  resistant  surfaces  were  produced  in  the  modified  Ce-Mo 
process  #1.  The  evaluation  of  the  corrosion  resistance  in  NaCl  showed  that  the  resulting  surfaces 
were  entirely  passive.  In  Fig.  36  impedance  spectra  collected  at  ECOrr  .arc  shown  as  a  function  of 
exposure  time.  For  a  test  period  of  30  days,  no  measurable  corrosion  was  indicated  and  the 
impedance  remained  capacitive.  R%  and  C°p  did  not  change  significantly  with  exposure  time  (Fig. 
37).  High  values  of  R°p  (about  10°  ohm.cm2)  and  constant  C°p  suggest  that  the  modified  surface 
was  very  resistant  to  pitting  in  aggressive  environments  such  as  0.5  M  NaCl. 
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Fig.  34.  Anodic  polarization  curves  in  0.5  M  NaCl  for  A1 7075 
(as-received  vs.  surface  modified) 
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Fig.  36.  Impedance  spectra  for  A1 7075/Cu  removal/Ce-Mo  process  #1  as 
a  function  of  exposure  time  to  0.5  M  NaCl 
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Fig.  37.  R°p  and  C°p  for  A1 7075/Cu  removal/Ce-Mo  process  #1  as  function 
of  exposure  time 


3.4.2  Al  2024/Cu  removal/Ce-Mo  process 

For  Al  2024  treated  in  the  modified  Ce-Mo  process  #1,  no  considerable  changes  of  the 
surface  properties  due  to  corrosion  were  indicated  by  EIS  (Fig.  38).  It  should  be  mentioned  that  a 
few  pits  initiated  between  4  and  7  days.  After  one  week,  no  additional  pit  initiation  was  observed 
by  visual  inspection.  At  the  end  of  the  test,  13  small  pits  with  F  =  6.5xl0~^  were  detected.  The 
total  pitted  area  Apit  =  0.026  cm2  was  much  smaller  than  that  for  the  sample  with  Cu  removal  only 
for  which  F  was  determined  as  8. 10'2  after  exposure  to  0.5  M  NaCl  for  7  days,  and  pit  initiation 
occurred  after  less  than  2  hours  as  determined  by  visual  inspection. 

3  5  Surface.  Modification  of  Al  2024  in  the  Modified  Ce-Mo  Process  #2 

Further  optimization  of  the  modified  Ce-Mo  process  for  Al  2024  consisted  of  immersion  in 
hot  (CH3C02)3Ce,  polarization  in  Na2Mo04  and  immersion  in  hot  Ce(N03>3  (the  modified  Ce-Mo 
process  #2,  Table  VH).  Very  corrosion  resistant  surfaces  were  obtained  for  surface  modified  Al 
2024. 

3. 5. 1  Impedance  Spectra 

For  surface  modified  Al  2024,  impedance  spectra  did  not  show  signs  of  localized  corrosion 
and  no  significant  changes  between  the  first  and  the  last  day  of  exposure  occurred  (Fig.  39).  R°p 

was  about  4  x  106  ohm.cm2  and  C°p  increased  slightly  from  7  to  9  pF/cm2  (Fig.  40).  Visually,  at 
the  end  of  the  test,  one  very  small  pit  with  0.6  mm  in  diameter  was  observed  for  an  exposed  area 
of  20  cm2,  which  is  below  the  detection  limit  of  EIS  [34].  Therefore,  the  spectra  in  Fig.  39  did  not 
show  the  typical  features  of  localized  corrosion  characterized  by  a  transmission  line  impedance  at 
lower  frequencies  (Fig.  4  -  6). 

3.5.2  Polarization  Curves 

Anodic  polarization  curves  for  as-received  and  surface  modified  Al  2024  are  shown  in 
Fig.  41.  Epit  increased  at  constant  ECOrr.  resulting  in  a  passive  region  of  about  80  mV  and  ip  was 

less  than  3  pA/cm2.  This  anodic  polarization  behavior  is  similar  to  the  results  obtained  for  Al 
6061 /Ce-Mo  process  (Fig.  12)  and  for  modified  Al  7075/as-received  (Fig.  34).  At  Epit  pits 
initiated  as  indicated  by  local  gas  evolution.  With  increasing  polarization  new  pits  were  generated 
corresponding  to  the  sharp  increase  of  the  current  at  -475  mV.  In  Fig.  41  the  polarization  curve  for 
untreated  Al  2024  is  also  shown,  for  which  pits  develop  at  ECOrr  an^  grow  upon  anodic 
polarization. 

3.5.3  Electrochemical  Noise  Measurements 

In  addition  to  monitoring  by  EIS,  electrochemical  potential  and  current  noises  data  were 
recorded  simultaneously  for  as-received  and  modified  Al  2024  after  1, 12  and  24  hour  exposure  to 
0.5  M  NaCl.  Fig.  42  shows  experimental  potential  and  current  noise  data  after  exposure  for  1 
hour  and  24  hours.  For  Al  2024/as-received,  rapid  potential  and  current  fluctuations  of  high 
amplitude  were  observed  at  the  start  of  exposure.  With  increasing  time,  ECprr  shifted  to  *700  mV, 
and  both  potential  and  current  fluctuations  diminished.  For  Al  2024  treated  in  the  modified  Ce-Mo 
process  #2,  current  fluctuations  were  very  low,  while  the  potential  fluctuated  slowly  on  a  large 
scale  and  stabilized  at  -565  mV  at  the  end  of  the  measurement  (Fig.  42  b).  Fig.  43  shows  the 
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38.  Impedance  spectra  for  A1 2024/Cu  removal/Ce-Mo  process  #1  as  a 
function  of  exposure  time  to  0.5  M  NaCl 
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Fig.  39.  Impedance  spectra  for  A1 2024/Cu  removal/Ce-Mo  process  #2  as  a 
function  of  exposure  time  to  0.5  M  NaCl 
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Fig.  40.  R°p  and  C°p  for  A1 2024/Cu  removal/Ce-Mo  process  #2  as  function 
of  exposure  time 
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Fig.  41.  Anodic  polarization  curves  in  0.5  M  NaCl  for  A1 2024/as-received 
and  A1 2024/Cu  removal/Ce-Mo  process  #2 
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42.  Potential  and  current  noise  data  recorded  for  A1  2024/as-received  and 
A1  2024/Cu  removal/Ce-Mo  process  #2;  a)  after  1  hour,  b)  after  24  hours 
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Fig.  43.  Potential  and  current  standard  deviations  for  A1 2024/as-received  and 
A1  2024/Cu  removal/Ce-Mo  process  #2  as  function  of  exposure  time 
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standard  deviation  values  of  potential  (c{  V(t)})  and  current  (c{I(t)})  during  24  hours  exposure. 
Large  values  of  c{I(t)}  and  an  increase  of  o{  V(t)}  with  time  were  observed  for  A1  2024/as- 
received.  For  A1  2024/Ce-Mo  process,  o{I(t)}  was  less  than  0.02  pA,  and  c{V(t)}  decreased 
from  8  mV  to  3  mV  within  24  hours. 


In  Fig.  44a,  the  noise  resistance  Rn,  which  is  derived  from  the  data  in  Fig.  43  according  to 
Eq.  2-1,  is  plotted  as  a  function  of  time.  Rn  values  ranging  from  2  x  106  to  6  x  106  ohm. cm  were 
obtained  for  the  surface  modified  A1  2024,  while  the  values  of  Rn  for  A1  2024/as-received  were 
much  lower.  Fig.  44b  shows  the  time  dependence  of  R°sn  (Eq.  2-4)  for  as-received  and  modified 
A1  2024  during  exposure  to  NaCl.  Very  similar  values  and  time  dependence  of  R°sn  were 
obtained  More  detailed  information  concerning  the  corrosion  behavior  of  these  two  different 
surfaces  can  be  seen  from  plots  of  Rsn  vs.  frequency  obtained  by  spectral  analysis  accordmg  to  Eq. 
2-3  Rsn  spectra  for  A1  2024/as-received  showed  increased  magnitude  with  increasing  time  (Mg. 
45  a)  and  the  values  of  Rsn  were  much  lower,  while  constant  Rsn  spectra  with  high  value  were 
determined  for  A1 2024/Ce-Mo  process  sample  (Fig.  45  b). 


4.  DISCUSSION 


4. 1  Localized  Corrosion  of  Aluminum  Alloys 

Localized  corrosion  in  the  form  of  pitting  was  recognized  in  the  early  1900's  as  aluminum 
corroded  in  salt  solutions  with  metallic  impurities  enhancing  corrosion  rates  [49].  Over  the  last  oU 
years  many  investigations  have  been  conducted  dealing  with  pit  initiation,  propagation  an 
mechanisms  of  pitting  corrosion  [50-54].  Attempts  have  also  been  made  to  evaluate  the  pitting 
susceptibility  of  different  A1  alloys  using  electrochemical  parameter  such  as  Epit  [5 5-57 J. 

Often  the  pitting  potential  Epit  is  used  to  estimate  the  susceptibility  of  different  materials  to 
pitting  in  a  certain  environment.  However,  for  A1  alloys  exposed  to  aerated  media  containing 
halides  the  use  of  Epit  is  unsatisfactory  for  the  characterization  of  pitting  susceptibility 
Experimental  findings  have  demonstrated  that  for  A1  alloys  exposed  to  NaCl  solutions,  Epit  and 
Ecorr  are  almost  identical  (Table  IX)  and  these  alloys  pitted.  Moreover,  the  total  extent  of  pitting 
was  much  higher  for  Cu-bearing  alloys  such  as  A1  2024,  which  has  a  noble  pitting  potential  (-588 
mV)  than  other  A1  alloys  such  as  A1 6061,  which  has  a  more  negative  pitting  potential  (-725  mV). 

Generally,  Epit  depends  on  the  nature  and  the  concentration  of  pit-inducing  ions. 
Experimental  and  theoretical  evidences  indicate  that  Epit  decreases  with  increasing  concentration  o 

Cl*  [52],  Augustynski  [58]  showed  that  the  surface  concentration  of  Cl-  increased  from  3  %  at 
Ecorr  to  12-13%  at  Epit-  Although  there  is  less  discussion  about  the  relationship  between  Epit ancl 

the  concentration  of  Cl"  absorbed  on  the  surface,  Epit  may  be  thought  of  as  a  parameter  indicative 
of  surface  adsorption  of  pit-promoting  ions,  at  which  the  concentration  of  adsorbed  pit-promoting 
ions  reaches  a  critical  value.  As  will  be  discussed  below,  the  increase  of  Epit  at  constant  Ecorr  tor 

modified  surfaces  of  A1  alloys  is  considered  to  be  due  to  inhibition  of  Cl"  adsorption  on  oxide 
layers  containing  Ce  and  Mo,  thereby  increasing  pitting  resistance. 

EIS  was  found  to  be  a  very  powerful  tool  to  characterize  pit  initiation  and  pit  propagation 
processes  for  A1  alloys  exposed  to  NaCl.  Pit  initiation  can  be  detected  by  characteristic  changes  ot 
impedance  spectra.  Mansfeld  et  al.  [42,59,60]  utilized  EIS  to  study  pitting  corrosion  of  A1 7075- 


-52- 


o  5  10  15  20  25 

Exposure  time  (hours) 

Fig.  44.  Time  dependence  of  Rn  and  R°sn  for  A1 2024/as-received  and  A1 2024/Cu 
removal/Ce-Mo  process  #2 


T6  and  A1 7075-T73  in  NaCl,  which  were  untreated  or  passivated  in  CeCl3.  The  experimental 
results  indicated  that  when  pits  initiated,  the  EIS  spectra  changed  from  capacitive  impedance  to 
transmission  line  impedance  at  lower  frequencies,  and  the  impedance  decreased  in  the  intermediate 
frequency  range.  Systematic  studies  for  A1  2024,  A1  6061,  and  A1 7075  exposed  to  0.5  M  NaCl 
illustrate  that  once  pitting  corrosion  occurs,  the  impedance  spectrum  is  characterized  by  the 
occurrence  of  transmission  line  impedance  and  a  second  time  constant  in  the  phase  angle  plot  at 
lower  frequencies,  which  is  a  sensitive  indicator  of  localized  corrosion  (Fig.  4  -  6).  With 
increasing  exposure  time,  the  pronounced  changes  of  the  phase  angle,  together  with  the  decrease  of 
the  impedance  at  the  intermediate  frequency  region,  allow  to  detect  the  presence  of  active  pits  and 
to  monitor  the  pit  propagation  process. 

Pit  growth  rates  for  A1  alloys  were  determined  based  on  the  EIS  data  collected  at  Ecorr  as  a 
function  of  time.  Quantitative  analysis  of  the  time  dependence  of  R°pit  allowed  derivation  of  pit 
growth  rates  expressed  by  1/R°pit  as  a  function  of  time  according  to  Eq.  [3-1]  and  [3-2].  For 
untreated  A1  alloys  experimental  value  of  b  ranged  from  -1.38  for  A1 7075/as-received  to  -0.86  for 
A1  2024/deoxidized  [34].  Assuming  b  =  -1,  pit  growth  rates  were  found  to  decrease  with 
increasing  exposure  time  and  the  radii  of  hemispherical  pits  were  found  to  increase  logarithmically 
with  increasing  exposure  time.  The  experimental  approach  used  in  the  present  study  was  different 
from  previous  evaluations  of  pit  growth  laws  [61  -  M\  since  the  experimental  data  were  collected  at 
Ecorr  instead  of  E  >  Epit.  For  surface  modified  A1  alloys  pits  did  not  initiate  within  the  minimum 
test  period  of  30  days. 

4.2  The  Ce-Mo  Process 

Molybdate  is  known  to  reduce  the  susceptibility  of  stainless  steels  and  A1  alloys  to  pitting. 
The  research  group  at  Martin  Marietta  has  evaluated  methods  of  corrosion  protection  of  Al  which 
include  production  of  Al-Mo  alloys  by  RF  sputter  deposition  of  A1  onto  single  crystal  Si  wafers 
[25].  The  corrosion  resistance  of  the  resulting  surface  alloy  layers  was  examined  by 
potentiodynamic  polarization  curves.  Epit  was  found  to  increase  from  -  700  mV  for  untreated 
surfaces  to  -100  mV  for  alloy  surfaces  with  Mo  concentrations  between  5%  and  10%.  Shaw  et  al 
[29]  reported  results  obtained  with  an  electrochemical  process  in  which  Mo  claimed  to  be  m  the  +4 
and  +6  valence  states  was  incorporated  into  the  oxide  film  on  sputter-deposited  Al  foil  on  Si  single 
crystal.  This  anodic  polarization  procedure  in  1000  ppm  Na2Mo04  led  to  a  significant  shift  Epit m 
the  noble  direction  for  treated  surface  immersed  in  NaCl.  Because  of  this  positive  shift  of  Epit at 
constant  ECOrr.  the  authors  concluded  that  the  modified  passive  film  was  resistant  to  pitting. 
Similar  surface  films  containing  Mo,  called  molybdate  conversion  coatings,  were  also  obtained  by 
immersing  Al  7075  in  deaerated  0.01  M  Na2Mo04  [18].  A  trend  of  increasing  Epit  was  observed 
for  these  molybdate  conversion  coated  surfaces  in  deaerated  0.01  M  NaCl.  Based  on  these  results, 
molybdate  conversion  coatings  were  considered  to  provide  corrosion  protection  for  Al  alloys. 
Molybdate  conversion  coatings  have  been  produced  on  several  Al  alloys,  however  none  of  these 
methods  provided  corrosion  protection  comparable  to  that  provided  by  chromate  conversion 
coatings.  In  the  present  study  [34],  application  of  the  methods  described  by  Shaw  et  al.  [29]  and 
Hinton  et  al.  [18]  for  Al  6061  showed  that  upon  exposure  to  0.5  M  NaCl,  both  pitting  and  uniform 
corrosion  occurred  after  a  short  time  to  the  same  extent  for  treated  and  for  untreated  surfaces. 

The  Ce-Mo  processes  were  developed  as  new  approaches  for  corrosion  protection  of  Al 
alloys  without  use  of  toxic  chemicals  and  applied  to  pure  Al,  Al  6061,  Al  6013,  Al  2024  and  Al 
7075.  The  problems  with  the  use  of  molybdate  conversion  coatings  [18]  and  chemical  passivation 
in  REM  salts  [44,65-69]  were  not  encountered  in  the  applications  of  these  processes.  From  the 
previous  studies  it  is  known  that  treating  Al  alloys  in  Ce  salt  solutions  induces  formation  of  mixed 
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Al-Ce  oxide  layers.  These  Al-Ce  oxides  are  very  stable  in  NaCl  due  to  their  low  solubility,  thereby 
increasing  the  corrosion  resistance  of  A1  alloys.  In  addition,  Mo  has  been  reported  to  be 
incorporated  into  the  oxide  on  A1  alloys  by  anodic  polarization  in  molybdate  solutions,  leading  to 
increased  Enit  [18,25,29].  With  the  objective  of  incorporating  Ce  and  Mo  mto  aluminum  oxide 
layers  by  a  combination  of  chemical  passivation  and  electrochemical  techniques,  the  Ce-Mo 
process  initially  consisted  of  treatment  in  Ce  salt  solutions,  followed  by  anodic  polarization  in 
Na2Mo04  (Table  VII).  Applying  this  process  to  A1  and  its  alloys  produced  very  corrosion 
resistant  surfaces  with  exceptional  resistance  to  pitting. 

4.2.1.  Corrosion  Behavior  of  Surface  Modified  Al  6061 

Surfaces  of  Al  alloys  modified  by  the  Ce-Mo  process  were  very  corrosion  resistant  in 
chloride-containing  environments.  For  Al  6061  treated  in  the  Ce-Mo  process,  impedance  spectra 
remained  capacitive  and  no  evidence  of  localized  corrosion  was  indicated  by  EIS  and  by  visual 

inspection  for  30  days.  Uniform  corrosion  rates  were  determined  to  be  about  0.05  pm/year  for 
Rop  =  io 7  ohm. cm2.  This  value  is  lower  than  that  obtained  for  SS  304  exposed  to  the  same 
environment,  for  which  corrosion  rate  was  determined  to  be  0.19  pm/year  based  on  R°p  =  7  x  105 
ohm.cm2  [70].  The  outstanding  properties  of  modified  surfaces  are  reflected  in  the  polarization 
behavior  in  0.5  M  NaCl.  As  shown  in  Fig.  12  and  13,  very  interesting  polarization  curves  were 
recorded.  Epit  increased  to  -325  mV,  which  is  more  than  400  mV  positive  to  ECorr-  This 
separation  of  Ecorr  and  Epit  is  indicative  of  pit  resistant  surfaces.  In  the  passive  region,  ip  was  as 
low  as  3  pA/cm2.  When  Epit  was  reached,  a  few  pits  initiated, while  the  remainder  of  the  surface 
was  unattacked.  To  our  knowledge,  polarization  curves  such  as  those  shown  in  Fig.  12  and  13 
have  not  been  reported  before  for  Al  alloys  in  NaCl. 

Another  illustration  of  corrosion  resistant  surfaces  are  the  results  obtained  for  modified  Al 
6013  exposed  to  NaCl,  on  which  a  few  pits  developed  between  3  and  4  days  and  propagated  with 
extremely  low  rates.  Most  pits  were  found  to  be  located  at  sites  where  existing  surface  detects 
apparently  had  not  been  passivated  during  surface  modification.  For  36  day  exposure,  only  a 
small  pitted  area  fraction  (F  =  0.0007)  was  determined. 

It  is  clear  that  the  modified  surface  layers  formed  in  the  Ce-Mo  process  are  quite  different 
from  those  formed  by  immersion  in  Ce  salt  solution,  for  which  Ecorr  shifted  in  the  negative 
direction  due  to  the  suppression  of  the  rate  of  oxygen  reduction,  while  EPit  remained  unchanged 
[34],  The  exceptional  pitting  resistance  produced  by  the  Ce-Mo  process  is  attributed  to  the 

increased  Epit  at  constant  ECorr-  Since  Epit  shifted  far  above  Ecorr.  the  attack  of  Cl  at  ECorr  was 

diminished.  Although  it  is  difficult  to  explain  how  Epit  is  related  to  adsorption  of  Cl'  at  the 
surface/electrolyte  interface,  experimental  results  have  illustrated  that  Epit  decreases  with  mcreasmg 

Cl'  concentration  in  the  bulk  solution  probably  due  to  increased  concentration  of  absorbed  Cl"  on 
the  interface  [52,58].  This  evidence  clearly  points  out  that  pit  initiation  strongly  depends  on  the 

concentration  of  adsorbed  Cl’  on  the  Al  surface.  For  surfaces  modified  by  the  Ce-Mo  process  due 
to  the  presence  of  Mo  in  the  surface  layers  which  was  indicated  by  EDS  (Fig.  20),  the  amount  oi 

adsorbed  Cl-  decreases  at  a  given  potential.  With  increasing  polarization  to  Epit,  adsorption  of  Cl' 
reaches  a  critical  concentration  at  which  pits  initiate,  while  at  potentials  below  Epit  adsorption  ot 

Cl"  is  not  high  enough  to  induce  pitting.  Addition  of  small  amounts  of  Mo  to  Al  has  been  known 
to  increase  Epit  remarkably  [71]. 
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For  modified  pure  A1  exposed  to  0.5  M  NaCl,  passive  features  were  indicated  by 
unchanged  impedance  spectra  during  exposure  (Fig.  22).  No  pits  were  detected  at  the  end  of  the 
test  by  microscopic  observation.  For  modified  A1  with  a  mechanical  scratch  corrosion  reactions 
did  not  occur  on  the  bare  aluminum  in  the  scratch  during  25  days  exposure  to  0.5  M  NaCl  (Fig. 
26).  This  result  may  be  explained  by  a  mechanism  in  which  the  modified  surface  layer  act  as 
barrier  to  the  movement  of  ions,  retarding  the  cathodic  reactions  of  oxygen  reduction  on  the 
surface/solution  interface.  Due  to  the  lack  of  a  cathodic  driving  force,  the  dissolution  of  A1  in  the 
scratch  is  therefore  reduced. 

4.2.2  Properties  of  Modified  Surface  Layers 

Cathodic  and  anodic  polarization  curves  (Fig.  12  and  14)  suggest  that  the  modified  surfaces 
do  not  allow  either  oxidation  or  reduction  processes  to  occur  at  appreciable  rates  and  show 
behavior  which  is  typical  of  insulators.  For  surface  modified  A1  6061  in  0.5  M  NaCl,  ip  was  less 

than  10- 3  |iA/cm2.  The  cathodic  polarization  curve  showed  that  at  the  same  potential  (-850  mV  vs 

SCE),  the  cathodic  current  density  was  reduced  to  0.08  pA/cm2  for  the  modified  sample,  which 

was  20  times  lower  than  that  for  the  untreated  sample  (1.6  pA/cm2)  (Fig.  14).  Apparently,  the 
modified  surface  layers  dose  not  provide  easy  paths  for  electrons  and  ions,  and  consequently  the 
rates  of  oxygen  reduction  and  anodic  dissolution  of  A1  are  remarkably  inhibited. 

4.2.3  Effects  of  Ce  and  Mo  in  Modified  Surface  Layers 

The  impedance  spectra  for  A1  6061  (Fig.  9),  pure  A1  (Fig.  22)  and  A1  6013  (curves  3,  4 
and  5  in  Fig.  27)  illustrate  that  modified  surfaces  with  exceptional  pitting  resistance  to  localized 
corrosion  can  be  produced  by  the  Ce-Mo  process.  Since  the  surface  modification  process  involved 
chemical  treatments  in  Ce  salt  solutions  and  electrochemical  treatment  in  a  molybdate  solution,  Ce 
and  Mo  are  expected  to  be  incorporated  into  the  surface  layers.  The  EDS  results  suggest  that  Ce 
and  Mo  are  present  in  the  modified  surface  layers  in  fairly  large  amounts  (Fig.  20).  The 
concentration  profiles  obtained  by  AES  showed  that  the  concentration  of  Ce  in  the  surface  layers 
was  as  high  as  25%,  while  the  concentration  of  Mo  was  about  4  atomic  %  (Fig.  21).  The  presence 

of  Mo  species  in  the  surface  film  serves  to  restrict  the  ingress  of  Cl“  and  is  considered  to  promote 
repassivation  once  pits  have  initiated.  Their  beneficial  effects  can  not  obtained  with  other 
analogous  species  such  as  borate  as  shown  in  Fig.  15  and  16.  Experimental  results  have 
demonstrated  that  neither  replacement  of  Na2Mo04  by  borate  buffer  (pH  =  7.4)  nor  replacement  of 
hot  Ce  salt  solutions  by  hot  distilled  water  provide  equal  corrosion  resistance  for  A1  alloys  similar 
to  that  produced  by  the  Ce-Mo  process. 

Pit  resistant  surfaces  produced  by  the  Ce-Mo  process  are  considered  to  be  results  of 
synergistic  effects  of  Ce  and  Mo,  rather  than  due  to  effects  of  Ce  or  Mo  alone.  It  can  be  assumed 

that  incorporated  negatively  charged  Mo  species  retard  the  adsorption  of  Cl  anions  and  prevent 
them  from  passing  through  the  surface  layers.  The  coexistence  of  Ce  and  Mo  in  the  modified 
surface  layers  increases  Epit  and  also  reduces  the  rate  of  oxygen  reduction.  A  similar  mechanism 
has  been  suggested  to  explain  the  role  of  Cr  and  Mo  in  pitting  resistance  of  stainless  steels  [72,73]. 

4.3  Surface  Modification  of  High-Cu  A1  Alloys 

As  mentioned  earlier,  when  applying  the  Ce-Mo  process  to  high-Cu  A1  alloys  less 
satisfactory  results  were  obtained.  Cu-containing  intermetallic  compounds  contained  in  the  surface 
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layers  apparently  weaken  the  corrosion  resistance  of  modified  surfaces  and/or  interfere  with  the 
surface  modification  process.  The  presence  of  Cu-containing  intermetallic  compounds  in  the 
surface  layers  was  shown  to  be  the  cause  of  failure  of  A1  7075-T73  treated  with  a  chromate 
conversion  coating  in  the  salt  spray  test  [74].  It  becomes  apparent  that  removing  Cu  from  the  outer 
surface  layers  of  high-Cu  A1  alloys  is  necessary  before  application  of  corrosion  protection 
methods.  Corrosion  protection  of  high-Cu  A1  alloys  has  been  achieved  by  introducing  Cu  removal 
as  a  pretreatment  step,  which  removes  Cu  from  the  outer  surface  layers  without  affecting  the 
mechanical  properties  of  the  alloys. 

A1  alloys  such  as  A1  2024  and  A1 7075  usually  contain  significant  amounts  of  constituent 
particles.  It  has  been  reported  that  localized  corrosion  takes  place  preferentially  at  Al7Cu2Fe  on  A1 
7075  [71].  For  A1 2024,  the  surface  was  found  to  contain  numerous  constituent  particles  such  as 
.  Al-Cu-Fe-Mn  and  Al-Fe-Mg  at  a  density  of  more  than  300,000  per  cm2  with  typical  sizes  between 
5  and  20  pm.  These  particles  act  as  cathodes  and  promote  the  dissolution  of  A1  in  their  periphery, 
inducing  pitting. 

The  effects  of  Cu-containing  intermetallic  compounds  on  pitting  resistance  were  observed 
for  modified  A1 7075  exposed  to  0.5  M  NaCl.  The  surface  modification  process  for  as-received 
surfaces  consisted  of  chemical  treatment  in  Ce  salt  solutions  combined  with  electrochemical 
treatment  in  a  molybdate  solution  (Table  VI).  Upon  exposure  of  the  modified  sample  to  0.5  M 
NaCl,  some  corrosion  spots  due  to  localized  dissolution  of  the  surface  film  were  observed  after  4 

days.  Visually,  these  spots  with  dimensions  of  60  pm  displayed  yellow-colored  appearance. 
Elemental  mapping  indicated  that  Cu  as  an  intermetallic  compounds  was  located  in  the  central  areas 
of  these  spots  with  Ce  oxides  concentrated  in  their  vicinities  as  shown  in  Fig.  31.  The  observed 
pattern  can  be  explained  by  assuming  that  during  the  immersion  the  Ce  salt  solution,  Cu  as  an 
intermetallic  compounds  acted  as  cathodes  creating  highly  alkaline  conditions  in  their  peripheries 
where  cathodic  reduction  of  oxygen  proceeds  and  Ce  oxides/hydroxides  precipitated.  Since  the 
effectiveness  of  the  cathodes  does  not  extend  far  away,  Ce  oxides  are  distributed  in  a  ring  pattern. 
According  to  Fig.  3.36,  the  typical  size  of  Cu-containing  intermetallic  compounds  is  less  than  10 

pm,  while  the  observed  circular  area  is  about  60  pm  in  diameter.  Mo  compounds  were  not 
uniformly  distributed  over  the  surface,  but  concentrated  in  the  center  of  the  ring  where 
Cu-containing  intermetallic  compounds  are  located.  This  result  might  be  due  to  increased  current 
flow  at  sites  containing  Cu  species  during  anodic  polarization. 

Significant  improvements  of  the  pitting  resistance  for  A1 2024  and  A1 7075  were  achieved 
after  introducing  the  Cu  removal  step  prior  to  the  Ce-Mo  processes  described  in  Tables  VI  and  VII. 
During  the  electrochemical  Cu  removal  step,  A1 2024  was  polarized  at  -55  mV  vs.  SCE  in  the  Cu 
removal  solution,  while  for  A1 7075  a  potential  of  -248  mV  was  applied.  At  these  potentials,  pure 
Cu  was  found  to  dissolve  at  high  rates,  while  pure  A1  was  passive  as  determined  from  their  anodic 
polarization  curves  [75]. 

For  modified  A1 7075,  no  measurable  corrosion  was  indicated  by  EIS  for  30  day  exposure 
to  0.5  M  NaCl  and  at  the  end  of  the  test,  the  corrosion  spots  observed  for  as-received  A1 7075/Ce- 
Mo  process  were  not  detected  by  microscopic  observation.  The  uniform  corrosion  rate  was 

estimated  to  be  about  0.07  pm/year.  Apparently,  applying  the  Cu  removal  process  resulted  in  a 
surface  close  in  chemical  composition  to  that  of  low-Cu  A1  alloys.  The  elimination  of  localized 
corrosion  was  partially  due  to  the  lack  of  a  potential  driving  force  for  pitting,  i.  e.  reduction  of  the 
rate  of  the  cathodic  reaction  [34]. 
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In  addition  to  the  Cu  removal  step,  the  processing  procedures  were  further  optimized  by 
exchanging  step  2  and  3  in  the  original  Ce-Mo  process.  The  optimized  process  (Table  VI) 
provides  exceptional  corrosion  protection  for  A1 7075  as  seen  from  Fig.  36.  The  improvement  of 
the  pitting  resistance  for  the  modified  surfaces  is  considered  to  be  partly  due  to  minimized  effect  of 

Cl'  when  the  treatment  in  CeCl3  was  performed  as  the  final  step  in  the  surface  modification 

process.  Since  CeCl3  solution  contains  Or  at  three  times  greater  concentration  than  Ce3+,  Cl"  can 
become  entrapped  in  the  surface  layers  during  the  formation  of  mixed  Al-Ce  oxides/hydroxides. 

These  entrapped  Cl"  can  initiate  pits  during  subsequent  exposure  to  NaCl.  Performing  anodic 
polarization  in  Na2MoC>4  prior  to  treatment  in  CeCl3  can  reduce  such  effects,  since  Mo  species 
reside  preferentially  at  location  where  Cu-containing  compounds  are  found  as  illustrated  in  Fig.  33. 

Therefore,  during  treatment  in  CeCl3  solution  the  adsorption  of  Cl  can  be  inhibited  and  its 
penetration  which  would  cause  pitting  can  be  prevented. 


5.  CONCLUSIONS 

1 .  Localized  corrosion  in  the  form  of  pitting  is  one  of  the  most  common  forms  of  failure  of  A1 
alloys  in  corrosive  environments  containing  halides.  For  most  A1  alloys  exposed  to  0.5  M  NaCl, 
Enitand  ECOrT  coincide  and  pitting  occurs  in  less  than  one  day.  Cu-bearing  A1  alloys  such  as  A1 
2024  tend  to  be  pitted  more  severely  than  A1  alloys  such  as  A1 6061  and  A1  6013.  Pitting  initiates 
preferentially  at  constituent  particles  contained  in  the  surface  oxides  due  to  galvanic  coupling  and  at 
surface  defects  caused  by  mechanical  damage  and  atmospheric  corrosion. 

2.  EIS  has  been  found  to  be  a  powerful  tool  for  investigating  localized  corrosion  and  pit 
propagation  processes  on  A1  alloys.  Pitting  corrosion  occurring  on  A1  alloys  can  be  detected  by 
characteristic  features  of  the  EIS  data.  Once  pits  initiate,  the  impedance  spectra  change  to  a 
transmission  line  type  of  impedance  at  lower  frequencies,  and  a  second  time  constant  in  the  phase 
angle  plot  became  apparent  in  the  corresponding  frequency  region.  The  pit  propagation  process  is 
characterized  by  a  decreasing  impedance  at  intermediate  frequencies  and  increasing  phase  angle 
corresponding  to  the  second  time  constant  at  lower  frequencies. 

3 .  For  A1  alloys  exposed  to  0.5  M  NaCl,  the  relationship  1/R°pit  =  a/t  was  obtained  for  pits 
growing  at  the  open-circuit  potential.  Based  on  the  assumption  of  hemispherical  pits,  the  pit 
growth  rate,  expressed  by  the  time  dependence  of  the  pit  radius  r,  was  found  to  follow  the  law  r  — 
a'  log  (tp/to),  suggesting  that  pit  depth  increases  logarithmically  with  increasing  pitting  time  tp. 

4.  Three  Ce-Mo  processes  have  been  developed  as  alternative  approaches  for  chromate 
conversion  coatings.  These  processes  combine  chemical  treatments  in  Ce  salt  solutions  with 
anodic  polarization  in  a  molybdate  solution.  The  optimized  modification  procedure  depends  on 
alloy  composition.  For  low-Cu  A1  alloys,  corrosion  resistant  surfaces  can  be  prepared  by  the 
Ce-Mo  process  described  in  Table  V,  while  for  high-Cu  A1  alloys  the  modified  Ce-Mo  processes 
(Table  VI  and  VII)  need  be  used  to  achieve  optimized  corrosion  resistance. 

5.  The  modified  surface  layer  on  A1  6061  contains  both  Ce  and  Mo  and  has  excellent 
resistance  to  localized  corrosion.  Neither  uniform  corrosion  nor  pitting  were  indicated  by  EIS  data 
and  visual  inspection.  The  very  low  passive  current  density  and  oxygen  reduction  rate  suggest  a 
movement  of  both  cations  and  anions  is  reduced  in  the  modified  surface  layers. 

6 .  Ce  and  Mo  can  be  incorporated  into  the  surface  oxide  layers  by  the  Ce-Mo  processes.  Ce 
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oxide/hydroxides  are  formed  through  chemical  reactions  during  treatments  in  Ce  salt  solutions, 
while  the  incorporation  of  Mo  species  into  the  surface  layers  is  obtained  by  a  electrochemical 
reaction  and  chemical  reaction  between  molybdate  and  aluminum  oxide.  The  results  of  elemental 
mapping  revealed  that  Ce  precipitates  and  Mo  species  were  enriched  around  constituent  impurities. 

Ce  and  Mo  in  the  surface  oxide  layers  act  as  barriers  to  the  attack  by  aggressive  ions  such  as  Cl  at 
these  active  sites,  where  without  precipitation  of  Ce  and  Mo  pits  are  likely  to  initiate. 

7 .  It  has  been  shown  that  both  Ce  and  Mo  are  needed  for  successful  surface  modification  in 
order  to  make  synergistic  effects  of  Ce  and  Mo  possible.  Immersion  in  boiling  water  followed  by 
polarization  in  a  molybdate  solution  did  not  improve  corrosion  resistance.  Replacement  of  the 
molybdate  solution  with  borate  buffer  solution  increased  pitting  resistance  marginally.  In  addition, 
lowering  of  the  molybdate  concentration  or  reducing  the  polarization  time  decreased  the  corrosion 
resistance. 

8 .  For  high-Cu  A1  alloys,  Cu-containing  intermetallic  compounds  in  the  surface  layers  reduce 
the  resistance  of  modified  surfaces  to  localized  corrosion  by  inducing  pitting  in  their  peripheries 
due  to  galvanic  coupling.  An  effective  method  for  minimizing  their  detrimental  effect  can  be  the 
application  of  the  Cu  removal  process  as  pretreatment  step,  which  modifies  the  chemical 
composition  of  surface  oxide  layers  closer  to  that  for  low-Cu  A1  alloys  without  affecting  the 
mechanical  properties  of  the  alloys. 

9.  By  applying  the  Cu  removal  pretreatment  step,  corrosion  resistant  surfaces  were  obtained 
for  A1  7075  in  the  modified  Ce-Mo  process.  For  surface  modified  A1  7075  no  measurable 
corrosion  was  observed  during  exposure  of  30  days  to  0.5  M  NaCl.  Increased  Epit  at  constant 
Ecorr  indicates  that  the  resulting  surfaces  are  very  resistance  to  pitting  in  aggressive  environments. 
Surface  analysis  for  the  modified  as-received  A1  7075  has  shown  that  Mo  and  Ce  were 
concentrated  at  sites  where  Cu  constituent  particles  are  located,  thereby  reducing  the  extent  and 
activity  of  local  cathodes. 

10.  For  A1  2024,  significant  improvements  in  the  resistance  to  localized  corrosion  were 
obtained  when  the  Cu  removal  pretreatment  was  applied.  Use  of  Ce  acetate  and  elimination  of 
CeCl3  resulted  in  enhanced  passivity  of  the  modified  surfaces  in  NaCl.  Coexistence  of  Ce  and  Mo 
in  the  outer  surface  layers  reduced  susceptibility  to  localized  corrosion  by  shifting  Epit  in  the  noble 
direction  at  constant  Ecorr-  The  exceptional  resistance  to  localized  corrosion  of  modified  surfaces 
on  A1 2024  was  related  to  synergistic  effects  of  Ce  and  Mo  indicated  by  capacitive  impedance  and 
increased  Epit. 
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